CD1 antigens are cell-surface glycoproteins which have a molecular structure which is similar (consisting of extracellular domains al, a;, , and u3, a transmembrane portion, and a cy-toplasmic tail) to that of class I MHC molecules. Phylogenetic analysis of mammalian CD1 DNA sequences revealed that these genes are more closely related to the class I major histocompatibility complex (MHC) than to the class II MHC and that mammalian genes are more closely related to avian class I MHC genes than they are to mammalian class I MHC genes. The CD 1 genes form a multigene family with different numbers of genes in different species (five in human, eight in rabbit, and two in mouse). Known CD1 genes are grouped into the following three families, on the basis of evolutionary relationship: ( 1) the human HCDIB gene and a partial sequence from the domestic rabbit, (2) the human HCDIA and HCDIC genes, and (3) the human HCDID and HCDlE genes plus the two mouse genes and a sequence from the cottontail rabbit. The aI and a2 domains of CD1 are much less conserved at the amino acid level than are the corresponding domains of class I MHC molecules, but the a3 domain of CD1 seems to be still more conserved than the well-conserved u3 domain of class I MHC molecules. Furthermore, in the human CD1 gene family, interlocus exon exchange has homogenized u3 domains of all CD1 genes except HCDIC.
Introduction
The CD 1 antigens are cell-surface glycoproteins, which in mammals are expressed on cortical thymocytes, on certain T cell leukemias, and in various other tissues (Cattoretti et al. 1987; Milstein et al. 1987 ). These molecules show evidence of homology with the class I glycoproteins of the major histocompatibility complex (MHC), but the evolutionary relationship between CD1 and MHC genes has not been clarified. CD1 genes were first discovered in humans and were thought to be homologues of the mouse nonclassical class I MHC genes belonging to the TL (or Tla) family, since TL genes are also expressed on thymocytes and T cell leukemias ). However, it was found that, unlike TL genes, the human CD1 genes do not map to the MHC . Furthermore, at the DNA sequence level, human CD1 genes do not show any greater similarity to TL than to any other class I MHC genes ). In addition, it was shown that the mouse also possesses transcribed CD1 genes with evident homology to human CD1 genes (Bradbury et al. 1988 ). Thus it was suggested that the CD1 genes may have diverged 186 Hughes from the MHC quite early in their history. Because of the structure of the CD1 molecule, CD 1 antigen genes have generally been considered more closely related to class I MHC genes than to class II MHC genes. On the other hand, Martin et al. ( 1986) suggested that the CD1 genes may have evolved from the class II MHC p chain genes after the latter had diverged from the class I MHC genes. However, no formal phylogenetic analysis of the CD1 genes has so far been conducted.
The present paper uses DNA sequence analysis to reconstruct both the evolutionary origin of the CD 1 genes and their relationships with the MHC and with other MHC-derived genes. The CD1 genes constitute a multigene family, and some authors have speculated regarding relationships within this family; but again no formal phylogenetic analysis has been conducted. Thus, I also analyze evolutionary relationships within the CD1 family. In addition, I compare rates of amino acid replacement and nucleotide substitution in different regions of CD1 genes, in order to shed light on how the CD1 molecule has diverged structurally and functionally from the MHC molecule.
DNA !Sequences Analyzed
The class I MHC molecule consists of three extracellular domains (a,, u2, and u3), a transmembrane portion, and a cytoplasmic tail (Klein 1986) . The a3 domain is highly conserved and associates noncovalently with p-2 microglobulin, which is encoded outside the MHC but, like the MHC molecules, is a member of the immunoglobulin superfamily (Hood et al. 1985; Williams and Barclay 1988 ) . The structure of the CD1 antigen resembles that of the class I MHC molecule. The CD1 antigen also includes al, a~, and u3 domains, a transmembrane portion, and a cytoplasmic tail; and CD1 also associates noncovalently with p-2 microglobulin (Kefford et al. 1984) . The class II MHC molecule, by contrast, consists of noncovalently associated a and p chains, encoded by separate genes within the MHC. In both the u and p chains, there are two extracellular domains ( D 1 and D2), a transmembrane portion, and a cytoplasmic tail. D2 of a and p chains are highly conserved and are homologous both to each other and to the a3 domains of class I MHC molecules and of CD1 . All of these conserved domains are homologous to conserved domains of other members of the immunoglobulin superfamily, such as p-2 microglobulin, T cell receptors, and immunoglobulins (Williams and Barclay 1988 ) .
Class I MHC loci of mammals are classified as classical or nonclassical (Howard 1987) . Classical class I loci (such as H-2K, -L, and -D in the mouse and HLA-A, -B, and -C in humans) are highly polymorphic and encode molecules which are expressed on the surface of all nucleated cells and which function to present intracellularly processed foreign peptides to cytotoxic T cells (Klein 1986; Lawlor et al. 1990 ). Polymorphic residues are found mainly in the aI and a2 domains, especially in the antigenrecognition site ( ARS), in which foreign peptides are bound and presented to T cells (Bjorkman et al. 1987a, 19876) . In the region of the gene encoding the ARS, the rate of nonsynonymous (amino acid-altering) nucleotide substitution substantially exceeds that of synonymous substitution; this highly unusual pattern of nucleotide substitution indicates that polymorphism at these loci is maintained by positive (overdominant) selection (Hughes and Nei 1988) . By contrast, the u3 domain and regions of the a, and a2 domains outside the ARS are highly conserved (Hughes and Nei 1988 ) . Nonclassical class I loci (such as the TL loci in the mouse or HLA-G in the human) are relatively nonpolymorphic, show no evidence of positive selection, and have no known function (Hughes and Nei 1989b ).
CD1 Evolution 187
In the CD1 gene family, there is little evidence of polymorphism. In the mouse, a rare polymorphic variant has been identified by means of Southern blotting analysis, but no polymorphism has so far been found in humans (Bradbury et al. 1988 ). Yu and Milstein ( 1989) have presented a map of the human CD 1 complex ( fig. 1 ) . There are five loci (HCDlD, HCDlA, HCDIC, HCDIB, and HCDlE) ; all but HCDIB are transcribed in the same direction. HCDlA, -B, and -C encode serologically defined cell-surface antigens known, respectively, as CDla, -b, and -c. Neither HCDlD nor HCDlE is known to encode a protein, although the genes lack obvious pseudogene characteristics and produce transcripts at least some portions of which are correctly spliced Balk et al. 1989; Calabi et al. 1989b ). In the mouse there are only two CD1 loci, MCD1.I and MCD1.2, oriented tail-to-tail. By contrast, the rabbit is believed to have eight or more CD 1 genes (Calabi et al. 1989b) . It is unknown at present whether CD1 genes are found in any vertebrates other than mammals. Calabi et al. ( 1989b) have suggested that all known CD1 genes can be placed into two groups on the basis of both DNA sequence similarity and characteristics of the 5' untranslated region and of the aI and a2 domains. The first group includes the human genes HCDIA, HCDl B, HCDIC, and HCDl E, along with the partial domestic rabbit sequence. The second group includes the human HCDID gene, both mouse genes, and the cottontail rabbit gene CtrbCDI. Since members of these two groups are found in different orders of placental mammals, Calabi et al. ( 19896) have concluded that the two groups diverged prior to the radiation of the placental orders.
DNA sequences used in phylogenetic tree reconstruction in the present paper are listed in table 1. These include genes encoding two other MHC-related molecules that can associate with p-2 microglobulin. The human cytomegalovirus (HCMV) has a gene (HCMV-H302 ) encoding a class I MHC-like molecule (Beck and Barrel1 1988 ) . It has been suggested that this molecule may function to bind p-2 microglobulin, thereby facilitating infection of host cells (McKeating et al. 1987) . Since HCMV-H301 is intronless, it presumably evolved by incorporation in this DNA virus of a reverse transcript of class I MHC of the host vertebrate (Beck and Barrel1 1988; Wiley 1988) . The rat FcRn molecule is a receptor which enables nursing rats to take up immunoglobulin G from their mother's milk. FcRn has been found to consist of p-2 microglobulin plus the protein p5 1, encoded by a gene (Rt-p5I ) which is homologous to the class I MHC (Simister and Mostov 1989) .
Comparisons of DNA sequences were based on alignments made at the amino acid level by the method of Gotoh ( 1987 
Results

'
Phylogenetic Relationships Figure 4 shows a phylogenetic tree based on number of nonsynonymous nucleotide substitutions per site ( &) in 83 aligned codons in the a3 region of CD 1 and related genes. A gene for a human T cell receptor p chain constant region ( TCR-CBI ) was used as an outgroup to establish the root of the tree. Nei and Gojobori's ( 1986) method was used to estimate dN, and the phylogenetic tree was constructed by the neighborjoining method (Saitou and Nei 1987) . dN was used in constructing the tree, because synonymous sites are saturated in comparisons among such distantly related genes. Note that the neighbor-joining method is efficient at recovering the true tree even when the rate of evolution differs in different branches (Saitou and Nei 1987) .
The phylogenetic tree supports the hypothesis that class I MHC genes are more closely related to class II p chain genes than to class II a chain genes, as has previously been proposed (Hood et al. 1985) . The CD1 genes are grouped with class I MHC genes and are significantly more closely related to the avian class I MHC sequence 
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THPWKG-GVRNQND-NRAEAFCTSYGFFPGEINITFIHYGDKVPEDSEPQCNPLLPTLD 58
VEPKVmYPARTQT~~NLLVCS~G~PGSIEVRWFRNS--QEEKAGWSTGLIQNGD 58 than to any mammalian class I gene ( fig. 4 ). By contrast, mammalian nonclassical class I genes are closely related to classical class I genes of the same species ( fig. 4 ). This result is consistent with previous analyses showing that nonclassical class I genes have evolved by independent duplications of classical class I genes since the divergence of the mammalian orders (Hughes and Nei 1989b) . HCMV-H301 and Rt-p51 cluster together and are more closely related to mammalian than to avian class I MHC genes ( fig. 4) . The tree thus supports the statement of Simister and Mostov ( 1989 ) that Rtp5Z is more closely related to the mammalian class I MHC than are the CD1 genes.
Comparison of the branch lengths in the phylogenetic tree suggests that rates of evolution can differ markedly among the lineages analyzed (fig. 4) ; for example, the branch leading to the CD 1 gene cluster is very long, yet within the CD 1 cluster branch lengths are quite short. This suggests that the divergence of CD1 from the MHC was accompanied by numerous amino acid replacements in a3 but that the amino acid sequence of a3 of CD1 has since been conserved among mammalian orders. Nonetheless, the tree may provide some rough estimates of divergence times of different MHC-related genes. The divergence between class II a and p chain genes ( fig. 4 , node 1) has been estimated at 450-520 Mya . The node separating avian and mammalian class II I3 chain genes ( fig. 4 , node 4) and that separating CD1 from the avian class I gene ( fig. 4 , node 5 ) are approximately equidistant from node 1 (fig. 4) . This suggests that CD1 may have diverged around the time of the birdmammal divergence (250-300 Mya). Rt-p51 and HCMV-H3OI seem to have evolved from mammalian class I genes somewhat later.
Because the rate of nonsynonymous substitution in a3 among CD 1 genes is quite low, figure 4 does not provide reliable information regarding relationships within the CD 1 family. Thus, a phylogenetic tree based on al-a2 was constructed ( fig. 5 ) . Avian and mammalian class I MHC sequences were used as an outgroup. HCDlD, HCDlE, CtrbCDI, MCDl. 1, and MCDl.2 cluster together and are significantly separated from the other CD 1 genes ( fig. 5 ) . Thus the tree supports the hypothesis of Calabi et al. ( 1989b) that the CD1 genes fall into different classes which arose by gene duplication prior to divergence of the mammalian orders. The tree agrees with Calabi et al. in grouping HCDlD and HCDIE with the mouse and cottontail rabbit genes and in showing a close relationship of HCDIA and HCDI C; however, it differs from these authors in indicating that HCDlB represents a separate lineage that diverged prior to HCDlA and HCDl C (fig. 5 ) . The main reason for this is that HCDI B is consistently more similar to the outgroups (class I MHC molecules) than are the other CD1 genes (data not shown). A phylogenetic tree based on aI sequences only (data not shown) reveals that the partial CD 1 sequence from the domestic rabbit (DorbCDI ) is a member of the same lineage as is HCDl B. In contrast to the human CD 1 family, which includes representatives of ancient lineages that diverged prior to the divergence of the mammalian orders, the two mouse CD1 genes are the result of a quite recent duplication ( fig. 5 ).
Evolutionary Diversification of CD 1 Molecules
To understand the extent to which CD1 molecules have diverged from class I MHC molecules, I compared patterns of variability at the amino acid level in CD1 and MHC genes. The MHC genes used as a basis for comparison were 33 classical class I genes from chicken, human, chimpanzee, cottontop tamarin, rabbit, mouse, cat, pig, and cow (for sequences analyzed, see table 2). Comparisons were made at aligned amino acid positions corresponding to the ARS of the class I MHC molecule, the remainder of al-cz2, and u3. In this analysis, it was not assumed that al-uz: of CD1 have the same folding as do al-u2 of the class I MHC, which they may not (Calabi et al. 19893) . Rather, the purpose of the analysis was to determine the pattern of amino acid variability in the regions of CD 1 which are homologous to the different functionally important regions of the class I MHC molecule. For each position, the proportion (of all pairwise comparisons) of comparisons involving different amino acids (i.e., proportion p) was computed, and positions were categorized as follows:
( 1) 100% conserved, p = 0; (2 ) of intermediate variability, 0.5 > p > 0; and of high variability, p 2 0.5. Positions were then cross-classified according to their variability in MHC and CD1 (table 2) . In MHC, more than twice as high a proportion of positions were classified as highly variable in the ARS (39.3%) as in the remainder of al-u2 (16.6%). In CD1 there is not such a marked distinction between the positions homologous to the class I ARS and the remainder of al-at. In CDI, 43 (76.8%) of the 56 positions homologous to the class I ARS were highly variable, whereas 66 ( 57.9%) of 114 positions in the remainder of al-u2 were highly variable ( of the positions which are highly variable in MHC are also highly variable in CD 1. However, of 11 ARS positions which are 100% conserved in MHC, only three are conserved in CD 1 and seven are highly variable (table 2) . Thus the results indicate that in the al and ~22 domains, including the residues homologous to the class I ARS, CD1 molecules are much less constrained than class I MHC molecules. The much greater variability of CD 1 molecules is particularly surprising when one considers that in the class I MHC the ARS is under positive selection favoring variability in amino acid residues involved in peptide binding (Hughes and Nei 1988; ).
In the a3 domain, by contrast, the CD1 molecule seems to be even more highly constrained than the MHC molecule. In CDl, 50 (55.6%) of 90 positions are 100% conserved, as compared with 24 (26.7%) of 90 in MHC. Moreover, CD1 and MHC have a much greater tendency to share conserved positions in a3 than in aI and u2. Of the 24 positions that are 100% conserved in MHC, 18 (75.0%) are also 100% conserved in CD 1. By contrast, in the residues homologous to the class I ARS and in the remainder of al-u~, only about one-third of the positions 100% conserved in MHC are also 100% conserved in CD1 (table 2) .
To analyze further the degree of constraint on different regions of CD1 proteins, I estimated the p at synonymous ( Ps) and at nonsynonymous ( PN) sites, in pairwise comparisons among CD1 genes (table 3) . Ps and PN were estimated by Nei and Gojobori's ( 1986) method. In all comparisons, PN in the codons homologous to the class I ARS was significantly higher than that in u3, and in many cases it was higher than that in the remainder of al-~2. In the class I MHC, PN significantly exceeds Ps in the ARS, in comparisons among closely related genes such as alleles at the same locus or alleles from different loci in the same or closely related species. In the comparison of class I MHC genes from distantly related species, such as human and mouse, Ps and pi in the ARS are approximately equal (Hughes and Nei 1988) . In CDl, on the other hand, in the comparison between the two closely related genes of the mouse (MCDI. I and MCDI.2)) PN in the ARS does not exceed ps. In comparisons of distantly related CD1 molecules (such as HCDZA and HCDID), Ps is actually significantly higher than pN even in the ARS, suggesting that some degree of purifying selection may be operating on the region of the CD1 molecule homologous to the class I ARS (table 3) .
Genetic Exchange in the Human CD1 Gene Complex
Examination of the results in table 3 reveals one anomalous feature. In comparisons of a3 domains of human CD1 genes, Ps is generally -1 l%-12%. However, in comparisons between a3 of HCDlC and other human CD1 genes, Ps is >40% (table  3) , although in ccl-az, HCDI C is not distantly related to other human CD1 genes ( fig. 5 ) . In fact, in al-a2, HCDI C is most closely related to HCDlA; yet, in cz3, Ps between HCDlC and HCDZA is much higher than that between HCDIA and other human CD 1 genes (table 3 ) . These results suggest that the evolutionary history of the a3 domains of human CD1 molecules may be quite different from that of the al-u2 domains.
Since in the a3 domain the numbers of nonsynonymous differences among CD 1 genes are quite small, the phylogenetic tree based on dN (fig. 4 ) did not provide a reliable phylogeny for this domain. Thus, I used the number of synonymous substitutions per site (d,; Nei and Gojobori 1986) to construct a phylogenetic tree for a3 domains ( fig. 6 ). In this tree, HCDZC is distant from all other human CD1 genes. This suggests that there has been a relatively recent exchange of genetic information among a3 exons of HCDlA, -B, -D, and -E, homogenizing these genes in this region.
In mammals the rate of evolution at synonymous sites is influenced by G+C content at third-codon positions, which differs among regions of the mammalian genome (Wolfe et al. 1989) . For this reason, one possible explanation for the divergent nature of HCDlC at synonymous sites in a3 might be that third-position G+C content in this region of HCDIC is radically different from that of other human CD1 genes. In fact, third-position G+C content in the a3 domain of HCDlC is lower than that of all other CD 1 genes (table 4) . However, it is uncertain how much such a difference in G+C content actually contributes to ds. One way of addressing this question is to divide all third-codon-position differences among a3 domains of CD1 genes into the following two categories: ( 1) differences in which G or C in the gene of higher thirdposition G+C content is replaced by A or T in the gene of lower third-position G+C content and (2) all other third-position differences (table 5) . If the divergent nature of HCDlC at synonymous sites in a3 is due mainly to its divergent G+C content, then, when differences in the former category are not considered, HCDI C should not be particularly divergent, at third-codon positions, from other human CD1 genes. In fact, the results show that, even when differences in the former category are not considered, HCDl C is still highly divergent from other human CD 1 genes (table 5 ) . Thus, these results support the hypothesis of an event or events of genetic exchange that have homogenized the cc3 domains of all human CD1 genes except HCDIC.
Since the number of events involved in homogenization of a3 exons of human CD1 genes is not known, and since the number of sites involved is relatively small, it is difficult to obtain a precise estimate of the time when this homogenization occurred. Nonetheless, since all human CD 1 genes except HCDl C are approximately equally distant from each other at synonymous sites in a3 (table 3)) it is possible that they were homogenized around the same time. Mean ds among a3 exons from HCDlA, -B, -D, and -E is 0.127 f 0.032, and mean ds between a3 of these genes and that of cottontail rabbit and mouse CD1 genes is 0.489 f 0.084. If one assumes that the mammalian radiation took place 60-80 Mya and that there has been a constant rate of evolution at synonymous sites in a3 of CDl, then the a3 domains of HCDZA, -B, -D, and -E appear to have been separated for -16-20 Myr.
Discussion
The class I MHC of mammals is a complex multigene family containing numerous loci. In most mammals, only one to three of these loci are classical class I loci, which are generally highly polymorphic, are expressed on the surface of all nucleated cells, and function to present foreign peptides to cytotoxic T cells. The other class I loci have a relatively limited expression and low polymorphism (Klein and Figueroa 1986) . The function of nonpolymorphic class I loci of limited expression (nonclassical class I loci) is not well known. Some authors have argued that they are mainly nonfunctional (Klein and Figueroa 1986; Howard 1987) , while other authors have suggested that such genes may occasionally evolve new functions (Ellis et al. 1990 ). Regardless of whether any products of nonclassical class I genes turn out to be functional, CD1 and p5 1 seem to provide examples of genes originating from the class I MHC which have evolved new functions. However, one difference between these genes and nonclassical class I genes is that CD 1 and p5 1 duplicated early in mammalian evolution, whereas nonclassical class I genes have evolved by independent duplications within the mammalian orders (Hughes and Nei 19893) . The function of CD 1 antigens is not known at present, but some evidence favors the hypothesis that they are functional. First, the CD1 family is conserved, and its products are expressed in all mammalian orders studied so far. This is in marked contrast to the nonclassical class I genes, which are not conserved between mammalian orders (Hughes and Nei 1989a) . Second, the pattern of nucleotide difference among CD1 genes is consistent with amino acid sequence conservation, particularly in the a3 domain. The fact that the a3 domain is very strongly conserved in CD 1 may indicate that a3 is particularly important for the function of the CD1 molecule. By contrast, the aI and a2 domains of the CD1 molecule appear to be relatively unconstrained and may be functionally less important than a3.
The CD 1 genes seem to have diverged around the same time as the bird-mammal divergence (250-300 Mya). The divergence between the gene ancestral to mammalian class I genes and the gene ancestral both to avian class I genes and to CD 1 must have taken place some time before the separation of these two classes of vertebrates. However, in the absence of any evidence regarding the presence of CD1 outside mammals, it is not at present possible to say whether CD1 diverged before or after the divergence of mammals. It is possible that the homologue of the avian classical class I MHC genes was retained in the mammals as a nonclassical gene, which subsequently gave rise to CD 1. This mode of evolution would parallel a recently described case in which classical The human and mouse CD1 complexes are best known so far. The former has more than twice as many genes and contains representatives of different CD 1 lineages that diverged prior to the radiation of the mammalian orders. The human CD 1 is also noteworthy for the process of concerted evolution, apparently caused by a series of events of nonreciprocal interlocus genetic exchange (gene conversion), which has homogenized the a3 domain of all loci except HCDZC. HCDIB was the first CD1 gene to diverge, and it differs from other human CD1 genes in transcriptional orientation. It is more parsimonious to assume that inversion accompanied duplication of HCDlB rather than to assume that the inversion of HCDlB is a recent event. If this assumption is correct, then the present case seems to be an example of concerted evolution among genes differing in transcriptional direction.
Clearly, heteroduplex formation and gene conversion require homology (Walsh 1987) , although the limits to permissible sequence dissimilarity are not known. It may be, however, that the aI and a2 domains of human CD1 genes have become too divergent at the nucleotide level for gene conversion to be possible among them. The much higher constraint on a3 would make such events more likely in this region. It is interesting that an event of interlocus recombination between two distantly related primate class I MHC genes also involved the conserved 3' end of the gene, including the u3 domain (Hughes and Nei 1989~) .
